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We propose a dark matter explanation to simultaneously account for the excess of antiproton-to-proton 
and positron power spectra observed in the AMS-02 experiment while having the right dark matter 
relic abundance and satisfying the current direct search bounds. We extend the Higgs triplet model with 
a hidden gauge symmetry of SU(2)X that is broken to Z3 by a quadruplet scalar ﬁeld, rendering the 
associated gauge bosons stable weakly-interacting massive particle dark matter candidates. By coupling 
the complex Higgs triplet and the SU(2)X quadruplet, the dark matter candidates can annihilate into 
triplet Higgs bosons each of which in turn decays into lepton or gauge boson ﬁnal states. Such a 
mechanism gives rise to correct excess of positrons and antiprotons with an appropriate choice of the 
triplet vacuum expectation value. Besides, the model provides a link between neutrino mass and dark 
matter phenomenology.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.1. Introduction
After the discovery of 125-GeV Higgs boson with many prop-
erties consistent with the standard model (SM) expectations [1,
2], we are left with two pieces of empirical evidence that call for 
new physics explanations. One is the phenomenon of neutrino os-
cillations that leads to the question about how neutrino mass is 
generated. The other is astronomical observation of gravitational 
effects caused by dark matter (DM), whose abundance is bound to 
be about 5 times that of ordinary matter.
In the SM, masses of quarks and massive gauge bosons are gen-
erated through Yukawa and gauge couplings with the condensate 
of the Higgs doublet ﬁeld through the Brout–Englert–Higgs (BEH) 
mechanism [3,4]. One minimal extension for giving tiny mass to 
neutrinos is done by introducing a complex Higgs triplet through 
the type-II seesaw mechanism, the so-called Higgs triplet model 
(HTM) [5,6]. In this case, the vacuum expectation value (VEV) of 
the Higgs triplet ﬁeld is induced by electroweak symmetry break-
ing (EWSB) and controls whether the charged Higgs bosons de-
rived from the triplet ﬁeld decay dominantly to leptons or weak 
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SCOAP3.gauge bosons. Direct searches of the doubly charged Higgs boson 
predicted in this model at the Large Hadron Collider (LHC) gener-
ally put a lower mass bound at about 400 GeV [7–10].
In the past few years, many experiments have reported indirect 
evidence of DM, such as the excess of positron fraction observed 
by PAMELA [11], Fermi-LAT [12] and AMS-02 [13], the excess of 
positron+electron ﬂux observed by ATIC [14], HESS [15,16], Fermi-
LAT [17], PAMELA [18] and AMS-02 [13], the excess of gamma-ray 
spectrum at the Galactic Center [19–23], and so on. The AMS Col-
laboration also conﬁrms with an unprecedented precision the ex-
cess of positron fraction in the energy range of [0.5, 500] GeV [24], 
the positron + electron ﬂux from 0.5 GeV to 1 TeV [25], and a 
deviation of the antiproton fraction from secondary astrophysical 
sources of cosmic ray collisions for the antiproton kinetic energy 
between 50–500 GeV [26]. Although still uncertain whether the 
observed antiproton spectrum is still consistent with the back-
ground of secondary antiprotons [27,28], several studies [29–31]
have attempted to explain the possible excess of antiproton using 
DM annihilations and/or decays. It is well-known that the excess 
of both electron and position ﬂuxes require additional contribu-
tions to the thermally averaged DM annihilation cross section [32,
33] than is required by the antiproton fraction spectrum. In this 
work, we propose a weakly-interacting massive particle (WIMP) 
DM model that readily accommodates the two sets of data. under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
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hidden SU(2)X symmetry that is broken by a scalar quadruplet 
down to a residual Z3 symmetry a la Krauss–Wilczek mechanism 
[34–39], making the associated gauge bosons our DM candidates. 
The quadruplet also has interactions with both the SM doublet 
and the Higgs triplet and plays the role of mediator that con-
nects the hidden sector and the visible sector of SM particles and 
exotic Higgs bosons. A model also invoking a scalar triplet ﬁeld 
but using a singlet scalar as a cold DM candidate was proposed in 
Ref. [40]. As a result, the DM can annihilate into a pair of exotic 
Higgs bosons that in turn decay into leptons or weak gauge bosons 
as alluded to before. The leptonic channel will lead to production 
of electrons and positrons, and the gauge channel to protons and 
antiprotons after hadronization. With an appropriate choice of the 
triplet VEV, the model can explain simultaneously the observed 
spectra of positron and antiproton ﬂuxes. It should be emphasized 
that the choice of SU(2)X gauge group is just to provide an explicit 
model with stable DM candidates. Other DM models from a hid-
den sector that couples mainly to the triplet Higgs ﬁelds should 
catch the same features as well.
2. The model
In this model, we extend the SM gauge group by an ad-
ditional SU(2)X symmetry with the associated gauge ﬁeld de-
noted by Xaμ . This symmetry is broken by an SU(2)X quadruplet 
ﬁeld 4 = (φ3/2, φ1/2, −φ−1/2, φ−3/2)T /
√
2 that does not carry SM 
gauge charges, where the subscript stands for the eigenvalue of T3, 
the third SU(2)X generator, of the ﬁeld and φ−i = φ∗i . Finally, we 
also introduce a complex Higgs ﬁeld  that is a triplet under the 
SM SU(2)L and carries hypercharge Y = 1. Here we adopt the con-
vention that the electric charge Q = T3 + Y .
More explicitly, the complete Lagrangian invariant under the 
SU(2)X × SU(2)L × U (1)Y gauge group is
L= LSM + (Dμ)†Dμ −
[
LT Cyiσ2PL L + h.c.
]
+ (Dμ4)† Dμ4 − V (,,4) − 1
4
Xaμν X
aμν, (1)
where LSM is the Lagrangian of SM, L denotes the left-handed lep-
ton doublet ﬁeld, C is the charge conjugation, y is the Yukawa 
coupling matrix,  is a Higgs doublet, and the ﬁeld strength ten-
sor Xaμν = ∂μXaν − ∂ν Xaμ − gX ( Xμ × Xν)a . The most general Higgs 
potential
V (,,4) = μ2† + λ(†)2 +m2Tr† + λ(Tr†)2
+ λ¯(Tr†)2 + μ2†44 + λ(†44)2
+ μ
(
†iτ2
† + h.c.
)
+ λ1†Tr†
+ λ2†† + λ¯2†† + λ3†44†
+ λ4†44Tr†, (2)
where, as in the SM, μ2 < 0 is required for the EWSB,  =
(G+, (v + φ + iG0)/√2)T is the SM Higgs doublet ﬁeld, and the 
scalar triplet of SU(2)L is written in an SU(2)L × SU(2)R covariant 
form as
 =
(
δ+/
√
2 δ++
(v + δ0 + iη0)/
√
2 −δ+/√2
)
, (3)
where the triplet VEV v is induced by the doublet VEV through 
the μ term and is constrained by the electroweak rho parameter 
to be less than about 1 GeV. In fact, to produce the right positron and antiproton spectra given by the AMS-02 experiment, v is re-
quired to be O(10–100) keV. With m assumed to be of O(TeV), 
μ is also about the same scale as v .
To break the SU(2)X symmetry while preserving a discrete sym-
metry to stabilize DM candidates, we require μ2 < 0 so that the 
4 ﬁeld spontaneously develops a VEV in the T3 = ±3/2 compo-
nent: [39]
φ±3/2 = 1√
2
(v4 + φr ± iξ) , (4)
where v4 is assumed to be O(10) TeV. As a result, the SU(2)X
gauge bosons χμ (χ¯μ) = (X1μ ∓ i X2μ)/
√
2 and X3μ acquire their 
masses, mχ =
√
3gX v4/2 and mX3 =
√
3mχ , at the TeV scale af-
ter absorbing the φ±1/2 and ξ as their longitudinal components. 
Moreover, there is a residual Z3 symmetry in the model, under 
which χμ and χ¯μ carry nonzero charges and serve as good candi-
dates of DM. Finally, the physical states in the hidden sector and 
the quadruplet are χμ , χ¯μ , X3μ and φr , where φr plays the role of 
messenger between the hidden sector and the visible sector.
We now work out the relevant couplings for our analysis. From 
the kinetic term of 4 and the breaking pattern of Eq. (4), the 
gauge interaction between φr and χμ is given by [39]
Iχχ¯φr =
√
3gXmχφrχμχ¯
μ, (5)
where, as mentioned above, mχ ∼O(TeV). In general, the neutral 
components in H , , and 4 can mix under the mass matrix
M2 =
⎛
⎜⎝
M2φ λ3vv4 −
√
2μv
λ3vv4 M2φr λ4vv4
−√2μv λ4vv4 M2
⎞
⎟⎠ (6)
in the basis of (φ, φr, δ0), where Mφ =
√
2λv , Mφr =
√
2λv4, and 
M2 = m2 + (λ1 + λ2 + λ¯2)v2/2 + λ4v24/2. As mentioned above, 
μ and v are much smaller than the other mass parameters in 
Eq. (6). Therefore, only φ and φr mix to render the mass eigen-
states(
h
H
)
=
(
cos θ sin θ
− sin θ cos θ
)(
φ
φr
)
, (7)
where h denotes the SM-like Higgs boson of mass 125 GeV, H is 
the other physical Higgs boson with a mass at the TeV scale, and 
the mixing angle θ given by tan2θ = 2λ3vv4/(M2φr − M2φ) is taken 
to be small in view of the hierarchy between v and v4 and by 
assuming small λ3. In addition, we require λ1,2 and λ¯2 to be suf-
ﬁciently small so that the mass of δ0 is smaller than mχ . Finally, 
we obtain the following approximate formulas for the masses of 
physical scalar bosons:
mh ≈mφ =
√
2λ v, mH ≈mφr =
√
2λ v4,
mδ±± ≈mδ± ≈mδ0 =mη0 = M. (8)
In the limit of vanishing λ3, H = φr does not couple with SM par-
ticles directly. Now the only important parameter that controls the 
phenomenology of DM interactions with the visible sector is λ4. 
Explicitly, the λ4 interaction term gives
IH¯ = v4λ4H
[
δ++δ−− + δ+δ− + 1
2
(δ0
2 + η02)
]
. (9)
In this work, we consider the scenario where the DM parti-
cles annihilate through the χ–χ¯–H and H––¯ interactions given 
in Eqs. (5) and (9), respectively, to a pair of Higgs triplet bosons. 
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Wigner enhancement through the relation mH ≈ 2mχ , which af-
fects both relic density [41] and positron/antiproton ﬂuxes [42,
43]. Subsequently, we have δ±± → ±′± and δ± → ±ν′ domi-
nantly and some small branching fractions of O(10−3) for δ±± →
W±W± , δ± → W± Z and δ0 → Z Z/W+W− , with details depend-
ing on the values of v and the Yukawa couplings y . As a result, 
the model can have simultaneous productions of e+ and W+ , with 
some of the latter hadronizing into antiprotons, at signiﬁcantly dif-
ferent rates.
Now the major free parameters in our analysis are gX , λ4, mχ , 
mH , M , v , and y . In the DM annihilation amplitude, the gauge 
coupling gX and the quadruplet VEV v4 always appear in the com-
bination of product and can be rewritten in terms of mχ . For the 
mass of H , we write
mH = 2mχ (1− ) (10)
and use  as one positive free parameter of O(0.1) or smaller. 
A Breit–Wigner enhancement is then obtained in the current DM 
annihilation rate because in the non-relativistic limit the annihila-
tion cross section is written by
σ v 
 1
192π
(
λ4
mχ
)2 [( v2
4
+ 2
)2
+ 
2
H
4m2χ
]−1√
1− M
2

m2χ
,
(11)
where H denotes the total width of H and is found to be much 
smaller than mχ . The average speed of DM v in units of the speed 
of light is typically ∼ 10−3 at the current Universe and ∼ 0.3 at 
the freeze-out. Therefore, the dominant parameters in Eq. (11) are 
λ4, mχ and  . The Yukawa couplings can be ﬁxed by ﬁtting to 
the neutrino mass measurements [44] and assuming the normal 
hierarchy as it is preferred by the positron ﬂux excess [32]. More-
over, we have taken the CP-violating phase, the Majorana phases, 
and the mass of the lightest neutrino to be zero. The conclusion 
will not change much if, for example, we take a tiny nonzero 
mass for the lightest neutrino. Both lepton ﬂavor-conserving and 
-violating channels have been included in the decays of the triplet 
Higgs bosons. Our choice of M at the TeV scale exempts us 
from the constraint of the lower bound of about 400 GeV on the 
doubly-charged Higgs boson mass through the searches of like-sign 
dilepton channels [9,10]. Otherwise, the results of our numerical 
analysis are not sensitive to M as long as it is smaller than mχ . 
In the following analysis, we take M = 800 GeV as a reference 
value. In the end, we are left with four independent free parame-
ters: λ4, mχ ,  , and v .
3. Numerical analysis and discussions
We start by investigating the DM relic abundance 0.1172 ≤
h2 ≤ 0.1204 given by the PLANCK Collaboration at 90% conﬁ-
dence level (CL) [45]. In our setup, the DM annihilation cross sec-
tion σ(χχ¯ → H → δ++δ−−, δ+δ−, δ0δ0, ηη) is given by Eq. (11). It 
is noted that the DM can also annihilate into a pair of SM particles 
(W+W− , Z Z , qq¯, etc.) through the h–H mixing, which is sup-
pressed as we assume a small mixing angle θ . Our numerical anal-
ysis is done by utilizing the micrOMEGAs 4.1.5 package [46]
implemented with the model to solve the Boltzmann equation for 
the DM relic density.
Fig. 1 shows the thermally averaged cross section of DM an-
nihilation to all triplet Higgs bosons, 〈σ v〉0, at the present time 
for producing the right relic density. It is shown as a function 
of  deﬁned in Eq. (10). The corresponding values of λ4 are in-
dicated in the upper horizontal axis as well. Although this curve Fig. 1. Thermally averaged dark matter annihilation cross section at the current Uni-
verse as a function of  in the lower horizontal axis, as required by the observed 
relic density. The upper horizontal axis gives the corresponding value of λ4.
does not have a sensitive dependence on the DM mass, we will 
ﬁx mχ = 2 TeV because of better ﬁts to the energy spectra of 
positron ﬂux and antiproton ﬂux ratio from the cosmic rays. As 
seen in the plot, the cross section can reach ∼ 10−22 cm3/s for 
 ∼ O(10−5) because of the Breit–Wigner enhancement. In this 
case, the coupling λ4 
 3 × 10−3. As shown below, such a cross 
section is desirable for rendering the correct excess of the positron 
ﬂux.
Again, using the micrOMEGAs 4.1.5 package [46], we com-
pute the positron and antiproton ﬂuxes resulting from the decays 
of the charged Higgs bosons in the DM annihilation ﬁnal states. 
For the dark matter density proﬁle, we take the NFW model with 
a local halo density of 0.3 GeV/cm3, a core radius of 20 kpc, 
and the distance from our solar system to the galactic center as 
8.5 kpc [47]. For charged particle propagation through the space, 
we consider the three schemes MIN, MED, and MAX deﬁned in 
Ref. [48] to have the minimum, medium, and maximum charged 
particle ﬂux, respectively. The background for positron ﬂux is pro-
vided by a ﬁtting function given in Refs. [49,50]. The background 
for antiproton ﬂux is estimated by combining AMS proton ﬂux 
data [51] and the ﬂux ratio p¯/p estimated in Ref. [27].
In Fig. 2, the left plot shows the positron ﬂux as a function of 
the positron energy. The right plot shows the ratio of antiproton 
ﬂux to proton ﬂux as a function of the antiproton kinetic en-
ergy. In both plots, we ﬁx mχ = 2 TeV. Qualitatively, changing the 
DM mass will shift the peaks of signals horizontally. The magni-
tudes of signals are mainly controlled by  for the positron ﬂux 
and by v for the antiproton ﬂux. We take  = 8.8 × 10−6 and 
v = 85 keV, corresponding to Br(δ±± → W±W±) = 4.3%, for the 
MIN scheme (red solid curves);  = 9.5 × 10−6 and v = 49 keV, 
corresponding to Br(δ±± → W±W±) = 0.48%, for the MED scheme 
(green dashed curves); and  = 1.0 × 10−5 and v = 38 keV, cor-
responding to Br(δ±± → W±W±) = 0.19%, for the MAX scheme 
(blue dash-dotted curves).
Here we make some comments regarding the constraint on DM 
annihilation cross section from the γ -ray ﬂux provided from in-
clusive photon spectrum measurement [52] and γ -ray observation 
of dwarf galaxies [53] by Fermi-LAT. Although DM annihilation to 
four-body ﬁnal states, as in our case, are generally less constrained 
than two-body ﬁnal states, our analysis assuming the normal hi-
erarchy of neutrino masses has δ±± decaying to energetic τ±τ±
and τ±μ± at a branching fraction of around 30% for both modes. 
498 C.-H. Chen et al. / Physics Letters B 747 (2015) 495–499Fig. 2. Spectra of the positron ﬂux (left) and the ratio of antiproton-to-proton ﬂuxes (right) in comparison with those observed by AMS-02 from cosmic rays, drawn in thick 
curves. Red solid curves are used for MIN, dashed green curves for MED, and dash-dotted blue curves for MAX. Also indicated are the values of  in the left plot and v in 
the right plot. The background in the left plot is given by the purple dotted curve, and those in the right plot are given by the thin curves.Such τ leptons in the ﬁnal states may produce γ -rays subject to 
the Fermi-LAT constraint. A detailed analysis with this taken into 
account will be presented in another work [54].
Finally, we note in passing that the scattering cross section be-
tween the DM and the nucleons is small because the interactions 
between the DM and the SM particles is suppressed by the mix-
ing angle θ . Therefore, the model can readily evade the constraints 
from current direct searches.
4. Summary
In the current work, we have constructed a model based on 
the Higgs triplet model and an additional SU(2)X gauge symme-
try that links neutrino mass and dark matter physics. With an 
SU(2)X quadruplet that develops a vacuum expectation value in 
its T3 = ±3/2 component, the SU(2)X symmetry is broken down 
to a discrete Z3 symmetry, thereby stabilizing the T3 = ±1 com-
ponents of the gauge ﬁeld as the dark matter candidates. We have 
then analyzed the dark matter phenomenology of the model par-
ticularly in view of the recent AMS-02 data. Through the physical 
scalar boson of the quadruplet as the messenger, the dark mat-
ter particles can annihilate primarily into a pair of triplet Higgs 
bosons, provided that the mixing between the quadruplet scalar 
particle and the SM-like Higgs boson is suﬃciently small. The cor-
rect dark matter relic abundance can be obtained when the mass 
of messenger is about twice that of the dark matter. The charged 
triplet Higgs bosons in turn decay dominantly into leptonic ﬁ-
nal states to produce an excess of positrons. However, there is a 
small branching fraction for the charged triplet Higgs bosons to 
decay into weak gauge bosons, part of which eventually hadronize 
into antiprotons. The decay pattern of the charged triplet Higgs 
bosons is largely ﬁxed by assuming the normal hierarchy and mass 
measurements of neutrinos. We have studied three charged parti-
cle propagation schemes and found the corresponding parameters 
of the model that ﬁt well with the positron ﬂux and antiproton 
ﬂux ratio observed by the AMS Collaboration. Finally, we remark 
that the gauged SU(2)X for stable dark matter candidates in this 
study is only one choice. Any DM model from a hidden sector that 
couples mainly to the triplet Higgs ﬁelds should have the same 
features as well.Acknowledgements
The authors would like to thank Yuan-Hann Chang for use-
ful discussions about the AMS-02 data. This work was sup-
ported in part by the Ministry of Science and Technology, Tai-
wan under Grant Nos. MOST-103-2112-M-006-004-MY3 (C.H.C.), 
MOST-100-2628-M-008-003-MY4 (C.W.C.) and MOST-103-2811-M-
006-030 (T.N.), as well as the World Premier International Research 
Center Initiative, Ministry of Education, Culture, Sports, Science, 
and Technology, Japan. We also thank the National Center for The-
oretical Sciences for the support of useful facilities.
References
[1] G. Aad, et al., ATLAS Collaboration, Phys. Lett. B 716 (2012) 1, arXiv:1207.7214 
[hep-ex].
[2] S. Chatrchyan, et al., CMS Collaboration, Phys. Lett. B 716 (2012) 30, 
arXiv:1207.7235 [hep-ex].
[3] F. Englert, R. Brout, Phys. Rev. Lett. 13 (1964) 321.
[4] P.W. Higgs, Phys. Rev. Lett. 13 (1964) 508.
[5] M. Magg, C. Wetterich, Phys. Lett. B 94 (1980) 61;
G. Lazarides, Q. Shaﬁ, C. Wetterich, Nucl. Phys. B 181 (1981) 287;
R.N. Mohapatra, G. Senjanovic, Phys. Rev. D 23 (1981) 165;
E. Ma, U. Sarkar, Phys. Rev. Lett. 80 (1998) 5716, arXiv:hep-ph/9802445.
[6] W. Konetschny, W. Kummer, Phys. Lett. B 70 (1977) 433;
J. Schechter, J.W.F. Valle, Phys. Rev. D 22 (1980) 2227;
T.P. Cheng, L.-F. Li, Phys. Rev. D 22 (1980) 2860;
S.M. Bilenky, J. Hosek, S.T. Petcov, Phys. Lett. B 94 (1980) 495.
[7] A.G. Akeroyd, C.W. Chiang, N. Gaur, J. High Energy Phys. 1011 (2010) 005, 
arXiv:1009.2780 [hep-ph].
[8] C.W. Chiang, T. Nomura, K. Tsumura, Phys. Rev. D 85 (2012) 095023, 
arXiv:1202.2014 [hep-ph].
[9] S. Chatrchyan, et al., CMS Collaboration, Eur. Phys. J. C 72 (2012) 2189, 
arXiv:1207.2666 [hep-ex].
[10] G. Aad, et al., ATLAS Collaboration, Eur. Phys. J. C 72 (2012) 2244, 
arXiv:1210.5070 [hep-ex].
[11] O. Adriani, et al., PAMELA Collaboration, Nature 458 (2009) 607, 
arXiv:0810.4995 [astro-ph].
[12] M. Ackermann, et al., Fermi LAT Collaboration, Phys. Rev. Lett. 108 (2012) 
011103, arXiv:1109.0521 [astro-ph.HE].
[13] M. Aguilar, et al., AMS Collaboration, Phys. Rev. Lett. 110 (14) (2013) 141102.
[14] J. Chang, J.H. Adams, H.S. Ahn, G.L. Bashindzhagyan, M. Christl, O. Ganel, T.G. 
Guzik, J. Isbert, et al., Nature 456 (2008) 362.
[15] F. Aharonian, et al., H.E.S.S. Collaboration, Phys. Rev. Lett. 101 (2008) 261104, 
arXiv:0811.3894 [astro-ph].
[16] F. Aharonian, et al., H.E.S.S. Collaboration, Astron. Astrophys. 508 (2009) 561, 
arXiv:0905.0105 [astro-ph.HE].
[17] M. Ackermann, et al., Fermi LAT Collaboration, Phys. Rev. D 82 (2010) 092004, 
arXiv:1008.3999 [astro-ph.HE].
C.-H. Chen et al. / Physics Letters B 747 (2015) 495–499 499[18] O. Adriani, et al., PAMELA Collaboration, Phys. Rev. Lett. 106 (2011) 201101, 
arXiv:1103.2880 [astro-ph.HE].
[19] T. Daylan, D.P. Finkbeiner, D. Hooper, T. Linden, S.K.N. Portillo, N.L. Rodd, T.R. 
Slatyer, arXiv:1402.6703 [astro-ph.HE].
[20] B. Zhou, Y.F. Liang, X. Huang, X. Li, Y.Z. Fan, L. Feng, J. Chang, arXiv:1406.6948 
[astro-ph.HE].
[21] F. Calore, I. Cholis, C. Weniger, arXiv:1409.0042 [astro-ph.CO].
[22] K.N. Abazajian, N. Canac, S. Horiuchi, M. Kaplinghat, A. Kwa, arXiv:1410.6168 
[astro-ph.HE].
[23] F. Calore, I. Cholis, C. McCabe, C. Weniger, arXiv:1411.4647 [hep-ph].
[24] L. Accardo, et al., AMS Collaboration, Phys. Rev. Lett. 113 (2014) 121101.
[25] M. Aguilar, et al., AMS Collaboration, Phys. Rev. Lett. 113 (2014) 221102.
[26] AMS-02 Collaboration, talks given at the AMS Days at CERN, April 15–17, 2015.
[27] G. Giesen, M. Boudaud, Y. Genolini, V. Poulin, M. Cirelli, P. Salati, P.D. Serpico, 
J. Feng, et al., arXiv:1504.04276 [astro-ph.HE].
[28] H.B. Jin, Y.L. Wu, Y.F. Zhou, arXiv:1504.04604 [hep-ph].
[29] M. Ibe, S. Matsumoto, S. Shirai, T.T. Yanagida, arXiv:1504.05554 [hep-ph].
[30] K. Hamaguchi, T. Moroi, K. Nakayama, arXiv:1504.05937 [hep-ph].
[31] S.J. Lin, X.J. Bi, P.F. Yin, Z.H. Yu, arXiv:1504.07230 [hep-ph].
[32] C.H. Chen, T. Nomura, J. High Energy Phys. 1409 (2014) 120, arXiv:1404.2996 
[hep-ph].
[33] K. Belotsky, M. Khlopov, C. Kouvaris, M. Laletin, Adv. High Energy Phys. 2014 
(2014) 214258, arXiv:1403.1212 [astro-ph.CO].
[34] L.M. Krauss, F. Wilczek, Phys. Rev. Lett. 62 (1989) 1221.
[35] T. Hambye, J. High Energy Phys. 0901 (2009) 028, arXiv:0811.0172 [hep-ph].
[36] C.W. Chiang, T. Nomura, J. Tandean, J. High Energy Phys. 1401 (2014) 183, 
arXiv:1306.0882 [hep-ph].[37] V.V. Khoze, G. Ro, J. High Energy Phys. 1410 (2014) 61, arXiv:1406.2291 [hep-
ph].
[38] S. Baek, P. Ko, W.I. Park, J. Cosmol. Astropart. Phys. 1410 (2014) 067, 
arXiv:1311.1035 [hep-ph].
[39] C.H. Chen, T. Nomura, arXiv:1501.07413 [hep-ph].
[40] P.S.B. Dev, D.K. Ghosh, N. Okada, I. Saha, Phys. Rev. D 89 (2014) 095001, 
arXiv:1307.6204 [hep-ph].
[41] P. Gondolo, G. Gelmini, Nucl. Phys. B 360 (1991) 145.
[42] D. Feldman, Z. Liu, P. Nath, Phys. Rev. D 79 (2009) 063509, arXiv:0810.5762 
[hep-ph].
[43] M. Ibe, H. Murayama, T.T. Yanagida, Phys. Rev. D 79 (2009) 095009, 
arXiv:0812.0072 [hep-ph].
[44] K.A. Olive, et al., Particle Data Group, Chin. Phys. C 38 (2014) 090001.
[45] P.A.R. Ade, et al., Planck Collaboration, arXiv:1502.01589 [astro-ph.CO].
[46] G. Belanger, F. Boudjema, A. Pukhov, A. Semenov, arXiv:1407.6129 [hep-ph].
[47] J.F. Navarro, C.S. Frenk, S.D.M. White, Astrophys. J. 490 (1997) 493, arXiv:astro-
ph/9611107.
[48] F. Donato, N. Fornengo, D. Maurin, P. Salati, Phys. Rev. D 69 (2004) 063501, 
arXiv:astro-ph/0306207.
[49] E.A. Baltz, J. Edsjo, Phys. Rev. D 59 (1998) 023511, arXiv:astro-ph/9808243.
[50] E.A. Baltz, J. Edsjo, K. Freese, P. Gondolo, Phys. Rev. D 65 (2002) 063511, 
arXiv:astro-ph/0109318.
[51] M. Aguilar, Phys. Rev. Lett. 114 (17) (2015) 171103.
[52] M. Ackermann, Phys. Rev. D 86 (2012) 022002, arXiv:1205.2739 [astro-ph.HE].
[53] M. Ackermann, Phys. Rev. D 89 (2014) 042001, arXiv:1310.0828 [astro-ph.HE].
[54] C.H. Chen, C.W. Chiang, T. Nomura, work in progress.
